Popko, J. T., Jr., Ok, C.-H., Campbell-Nelson, K., and Jung, G. 2012. The association between in vitro propiconazole sensitivity and field efficacy of five New England Sclerotinia homoeocarpa populations. Plant Dis. 96:552-561. Dollar spot (Sclerotinia homoeocarpa) is a major turfgrass disease requiring fungicide application to maintain acceptable conditions for golf. A 2-year field experiment was conducted to determine the association between field efficacy of propiconazole and in vitro fungicide sensitivity of isolates from five S. homoeocarpa populations. Four golf courses with prior propiconazole exposure (Hartford Golf Club, Hickory Ridge Country Club, Shuttle Meadow Country Club, and Wintonbury Hills Golf Club), and a baseline site with no prior propiconazole exposure (Joseph Troll Turf Research Facility) were chosen as field sites. Experimental plots at each site received the following treatments at 21-day intervals: untreated, propiconazole (0.44, 0.88, 1.32, and 1.76 kg a.i. ha -1 ), and chlorothalonil (8.18 kg a.i. ha -1 ). S. homoeocarpa isolates were sampled at three time points during 2009 and 2010: initial (directly before fungicide treatment), 7 days after treatment (DAT), and 21 days after the last treatment. Isolates sampled from dollar spot infection centers at 7 DAT (2009 and 2010) were considered to exhibit "practical field resistance". In parallel, S. homoeocarpa isolates from each site were assayed for in vitro sensitivity to propiconazole by determining relative mycelium growth percentages (RMG%) on potato dextrose agar amended with propiconazole at a discriminatory concentration of 0.1 µg a.i. ml -1 . S. homoeocarpa isolates from the four exposed populations displayed significantly higher RMG% values than the baseline population. In general, field efficacy at all propiconazole rates tested was lower at the four locations with prior propiconazole exposure when compared with the baseline population. Increased RMG% values on the propiconazole discriminatory concentration 0.1 µg a.i. ml -1 were associated with decreased relative control values for all propiconazole rates in 2009 and 2010. Results suggest RMG values above 50% at the propiconazole discriminatory concentration of 0.1 µg a.i. ml -1 may be a suitable threshold for detection of S. homoeocarpa isolates that cause practical DMI field resistance. Dollar spot, caused by the ascomycete fungus Sclerotinia homoeocarpa F.T. Benn., is a major turfgrass disease causing significant damage to turfgrass swards from May to October on North American golf courses (1,9,37,39). Dollar spot can occur on a broad range of cool-and warm-season grasses but is of most significance on annual bluegrass (Poa annua L.) and creeping bentgrass (Agrostis stolonifera L. syn. = A. palustris Huds), which constitute a large portion of finely managed turfgrass found on golf course fairways, putting greens, and tee boxes (9, 37, 39) .
Dollar spot (Sclerotinia homoeocarpa) is a major turfgrass disease requiring fungicide application to maintain acceptable conditions for golf. A 2-year field experiment was conducted to determine the association between field efficacy of propiconazole and in vitro fungicide sensitivity of isolates from five S. homoeocarpa populations. Four golf courses with prior propiconazole exposure (Hartford Golf Club, Hickory Ridge Country Club, Shuttle Meadow Country Club, and Wintonbury Hills Golf Club), and a baseline site with no prior propiconazole exposure (Joseph Troll Turf Research Facility) were chosen as field sites. Experimental plots at each site received the following treatments at 21-day intervals: untreated, propiconazole (0.44, 0.88, 1.32, and 1.76 kg a.i. ha -1 ), and chlorothalonil (8.18 kg a.i. ha -1 ). S. homoeocarpa isolates were sampled at three time points during 2009 and 2010: initial (directly before fungicide treatment), 7 days after treatment (DAT), and 21 days after the last treatment. Isolates sampled from dollar spot infection centers at 7 DAT (2009 and 2010) were considered to exhibit "practical field resistance". In parallel, S. homoeocarpa isolates from each site were assayed for in vitro sensitivity to propiconazole by determining relative mycelium growth percentages (RMG%) on potato dextrose agar amended with propiconazole at a discriminatory concentration of 0.1 µg a.i. ml -1 . S. homoeocarpa isolates from the four exposed populations displayed significantly higher RMG% values than the baseline population. In general, field efficacy at all propiconazole rates tested was lower at the four locations with prior propiconazole exposure when compared with the baseline population. Increased RMG% values on the propiconazole discriminatory concentration 0.1 µg a.i. ml -1 were associated with decreased relative control values for all propiconazole rates in 2009 and 2010. Results suggest RMG values above 50% at the propiconazole discriminatory concentration of 0.1 µg a.i. ml -1 may be a suitable threshold for detection of S. homoeocarpa isolates that cause practical DMI field resistance. Dollar spot, caused by the ascomycete fungus Sclerotinia homoeocarpa F.T. Benn., is a major turfgrass disease causing significant damage to turfgrass swards from May to October on North American golf courses (1, 9, 37, 39) . Dollar spot can occur on a broad range of cool-and warm-season grasses but is of most significance on annual bluegrass (Poa annua L.) and creeping bentgrass (Agrostis stolonifera L. syn. = A. palustris Huds), which constitute a large portion of finely managed turfgrass found on golf course fairways, putting greens, and tee boxes (9, 37, 39) .
Cultural practices often do not provide adequate dollar spot control, and multiple fungicide applications are made each year to maintain acceptable turf quality (37, 39) . Frequent fungicide applications on golf courses have led to the selection of S. homoeocarpa isolates resistant to benzimidazole and dicarboximide fungicide classes, and reduced sensitivity to the sterol demethylation inhibitor (DMI) fungicide class (8, 10, 16) . Previous monitoring studies from across the United States and Canada have confirmed that resistance and reduced sensitivity to the aforementioned fungicide classes is widespread (2, 4, 15, 16, (20) (21) (22) 32, 35, 38) . Putman et al. (35) recently confirmed that S. homoeocarpa isolates collected from golf courses in the northeastern United States were resistant to the benzimidazole and dicarboximide fungicides and exhibited reduced sensitivity to DMI fungicides. Confirmation of reduced DMI sensitivity in the Northeast is of great concern because DMI fungicides are extensively used for dollar spot control. Moreover, golf course fairways and tee boxes consist of considerable acreage (approximately 25 to 40 acres per 18 holes); therefore, practitioners prefer systemic fungicides that provide longer application intervals than contact fungicides.
DMI fungicides interrupt biosynthesis of ergosterol, which is an essential component of fungal cell membranes. DMI fungicides target the cytochrome P-450 monooxygenase enzyme 14α-demethylase and prevent it from catalyzing the demethylation of lanosterol (23, 24) . Mechanisms of reduced DMI sensitivity among various fungi have been reported to require increased expression of either the CYP51 gene (which encodes 14α-demethylase) or efflux transporter genes (17, 18, 26, 28, 29) . Despite work within other fungal systems, the genetic mechanism of DMI insensitivity remains unclear in S. homoeocarpa (27) . In vitro fungicide sensitivity assays that measure relative mycelium growth (RMG) are used to estimate DMI sensitivity.
Reduced DMI sensitivity has been reported to develop gradually in fungal populations over time and exhibit a shift toward reduced DMI sensitivity in vitro (3, 11, 14, 30) . Reduced in vitro sensitivity to DMI fungicides has been demonstrated to result in reduced field efficacy; however, complete fungicide failure has rarely been observed in field and greenhouse efficacy testing studies (13, 25, 30, 31, 41) . The quantitative nature in which reduced DMI sensitivity is expressed under field conditions has made defining practical DMI field resistance an imprecise and arduous task. Golembiewski et al. (16) conducted field efficacy testing on an S. homoeocarpa population with reduced DMI sensitivity and observed significant reductions in field efficacy with fenarimol, propiconazole, and triadimefon during 3 years of field trials. Burpee (5) also observed reduced efficacy of propiconazole and propiconazole tank mixtures in plots inoculated with an S. homoeocarpa isolate, with reduced DMI sensitivity and longer residual efficacy in plots inoculated with a DMI-sensitive isolate. Miller et al. (32) came to a similar conclusion based on inoculated greenhouse trials with S. homoeocarpa isolates exhibiting a range of in vitro sensitivities to DMI fungicides. Gilstrap et al. (15) established that repeated applications of propiconazole reduced in vitro propiconazole sensitivity over a 3-year period; however, field efficacy data were not reported in the study. Despite multiple accounts of reduced DMI efficacy or reduced in vitro sensitivity values in previous studies, the association between the reduced DMI field efficacy and the RMG values of isolates causing practical field resistance still remains unclear in turfgrass (5, 15, 16, 32, 35) . Koch et al. utilized a single discriminatory concentration of propiconazole at 0.1 µg a.i. ml -1 to detect DMI sensitivity differences in S. homoeocarpa populations on golf courses (22) . Because the propiconazole discriminatory concentration of 0.1 µg a.i. ml -1 has been proven to detect RMG differences in DMI sensitivity among S. homoeocarpa populations, this discriminatory concentration was chosen here for examining the association between in vitro sensitivity and practical propiconazole field resistance.
DMI fungicides are labeled to control dollar spot for 14 to 21 days; therefore, practical DMI field resistance can be regarded as the appearance of dollar spot infection centers less than 14 days after application of any DMI fungicide properly applied at the label rate. To determine the sensitivity of S. homoeocarpa isolates causing reduced field efficacy, we collected S. homoeocarpa isolates from dollar spot infection centers 7 days after propiconazole application. The objectives of this study were to (i) conduct propiconazole field efficacy testing on five diverse S. homoeocarpa populations (one baseline population and four exposed populations) for 2 years; (ii) monitor in vitro propiconazole sensitivity of the five S. homoeocarpa populations before, 7 days after, and approximately 21 days after propiconazole application over a 2-year period; and (iii) estimate the relationship between in vitro propiconazole sensitivity and field efficacy.
Materials and Methods
Site selection and plot design. Four golf courses and one University research facility from Connecticut and Massachusetts were chosen and represented a range of ages and 5-year DMI fungicide spray histories ( ; and an untreated control. The propiconazole rates of 0.44 and 0.88 kg a.i. ha -1 are the low and high labeled rates, respectively. The multisite fungicide chlorothalonil was included because fungicide resistance has not been reported to this active ingredient. Chlorothalonil is a contact fungicide and the suggested curative application interval is 14 days; therefore, some level of disease was expected 14 days after treatment (DAT). Applications were made at 21-day intervals for all of the treatments at all five locations.
Fungicides were applied at a nozzle pressure of 275.8 kPa using a CO 2 pressurized boom sprayer equipped with two XR Teejet 8004VS nozzles. All fungicides were agitated by hand and applied at the equivalent of 81.5 ml m -2 . Disease severity ratings were taken approximately every 7 days by counting individual dollar spot infection centers per plot, beginning on the date of the first fungicide application until 21 days after the last fungicide application was made. Due to differences in disease pressure, field efficacy testing began at differing dates among locations, and the number of total applications for each year is listed in Table 2 . The area under the disease progress curve (AUDPC) was calculated for the number of infection centers at each location for both years using the formula Σ[(y i + y i +1 )/2](t i +1 -t i ), where i = 1, 2, 3, …, n -1 and y i is the amount of disease (number of infection centers) at the time t i (days) of the ith rating (7) . AUDPC values were converted into relative control percentage (RC%) with the following formula: [(untreated -fungicide treatment)/untreated] × 100 = RC%. RC% data were analyzed to determine the effect of location and treatment for each year separately using analysis of variance in PROC GLM (SAS v. 9.1.3; SAS Institute, Cary, NC). The location-treatment interaction was of most interest and was sliced by treatment. If significant differences existed among locations within treatment, Tukey's highly significant difference (HSD) test was used for RC% mean separation (P < 0.05).
Isolate Fungal isolation followed the procedures described by Jo et al. (21) . In brief, symptomatic leaf blades were individually sampled from dollar spot infection centers and stored in 1.5-ml polypropylene microcentrifuge tubes until isolation (within 24 h). Acidified potato dextrose agar (APDA) was prepared by adding 1 ml of 85% lactic acid (Fisher Scientific, Fair Lawn, NJ) per 1 liter of fullstrength potato dextrose agar (PDA) (Difco Laboratories, Detroit) after PDA was sterilized for 45 min at 121°C in an autoclave (Tuttnauer 3850 M, Hauppauge, NY). APDA was poured into 60-by-15-mm petri plates (Krackler Scientific, Inc., Albany, NY), allowed to solidify, and stored at 2°C. After sample collection, individual leaf blades were surface sterilized for 1 min in 3% sodium hypochlorite solution, rinsed for 1 min once in sterile deionized water, air dried on sterile filter paper, and then placed on APDA petri plates. Petri plates were then stored at 25°C for 2 to 3 days. Following incubation, S. homoeocarpa isolates were identified based on colony morphology and compared with known reference isolates. Pure cultures of S. homoeocarpa were obtained by subculturing 3-mm plugs of APDA media onto PDA and stored at 25°C.
In vitro fungicide sensitivity assays were conducted after S. homoeocarpa isolates had grown in pure culture for 2 to 3 days. Propiconazole-amended PDA was prepared by performing a serial dilution of commercial-grade propiconazole in sterile deionized water (Banner MAXX 1.3EC; Syngenta Crop Protection), and the final concentration in PDA was 0.1 µg a.i. ml -1 (21) . Agar plugs (5- mm) were transferred from actively growing mycelia of the pure S. homoeocarpa cultures to the center PDA petri plates amended with the propiconazole discriminatory concentration (0.1 µg a.i. ml -1 ) and nonamended PDA petri plates using a sterile 5-mm cork borer and spatula. Petri plates were kept for 48 h at 25°C. S. homoeocarpa isolates were replicated twice on propiconazole-amended and nonamended PDA petri plates. At 48 h after transfer, three radial points approximately 120° apart on the circumference of actively growing S. homoeocarpa colonies were measured from the edge of the transferred agar plug using digital calipers (Mahr 16EX, Göttingen, Germany). The average radial growth on propiconazole-amended PDA was divided by the average nonamended mycelial radial growth and multiplied by 100 to give the relative mycelial growth percentage (RMG%).
To determine the reproducibility of in vitro sensitivity testing, RMG% was calculated using the propiconazole concentration 0.1 µg a.i. ml -1 for five isolates (one from each location) and repeated five times. A new stock solution was prepared for each repeat of the assay. Analysis of variance was used to determine differences in RMG% for each isolate for the main effect stock solution. Mean RMG%, coefficient of variance, and 95% confidence interval were calculated for each isolate based on the five replicated assays.
Analysis of variance was conducted on RMG% for the main effects location and treatment using PROC GLM (SAS v. 9.1.3; SAS Institute). Each sample time was analyzed separately. Mean RMG% of main effects or main effect interactions were separated using Tukey's HSD test (P = 0.05). Histograms describing S. homoeocarpa population distribution were constructed for HGC and HRCC, because both locations consisted of non-normal RMG distributions according to the Kolmogorov-Smirnov test. Furthermore, χ 2 analysis was used to test differences in the ratio of insensitive and sensitive isolates collected from the propiconazole at 0.44 kg a.i. ha -1 , chlorothalonil, and untreated treatments from HGC and HRCC for all samples dates. S. homoeocarpa isolates in the range of 0 to 49% and 50 to 100% RMG were designated as sensitive and insensitive, respectively. The expected number of insensitive and sensitive isolates was determined on the basis of the assumption that the total observed number of both isolates collected would be evenly distributed among treatments.
Linear regression analysis was used to determine whether a relationship between mean RMG% of S. homoeocarpa isolates collected during the final sample date in all five locations and mean RC% at the respective locations existed in 2009 and 2010 using PROC REG. RC% values from each replication were regressed against mean RMG% values for each replication. Regression analysis was performed on chlorothalonil (8.18 kg a.i. 
Results
Field efficacy, 2009 and 2010. The early summer months of 2009 were unusually cool and dollar spot severity was low in June and July. Conditions became more favorable in August and resulted in higher disease incidence among all locations. The 2010 summer months (June to August) were unusually hot and dry. These conditions resulted in lower dollar spot severity in 2010 than 2009 for all locations (except HRCC) and are reflected in mean AUDPC values for untreated plots ( Table 2) .
Analysis of variance determined that RC% was significantly different for the main effects locations (P = 0.001), treatment (P < 0.001), and location-treatment interaction (P < 0.001) in 2009. The location-treatment interaction sliced by treatment determined significant differences in RC% among location for all propiconazole treatments (0.44, 0.88, 1.32, and 1.76 kg a.i. ha -1 ) but not chlorothalonil (8.18 kg a.i. ha -1 ) ( Table 2 ). RC% was significantly higher at JTRF within the propiconazole treatments at 0.44, 0.88, and 1.32 kg a.i. ha -1 for all other locations except SMCC (propiconazole treatments at 0.88 and 1.32 kg a.i. ha -1 ). The propiconazole treatments at 0.44 and 0.88 kg a.i. ha -1 represent the low and high label rate of propiconazole; therefore, significant reductions in field efficacy among the four exposed locations represent practical DMI field resistance. At the propiconazole rate of 1.76 kg a.i. ha -1 , a significant difference in RC% to the baseline site (JTRF) was only observed at HGC ( Table 2) .
Analysis of variance determined that RC% was significantly different for the main effects location (P = 0.002), treatment (P = 0.001), and location-treatment interaction (P = 0.004) in 2010. The location-treatment interaction sliced by treatment determined significant differences in RC% among locations for all propiconazole and chlorothalonil treatments ( Table 2) . RC% observed at JTRF was significantly higher than all other locations, except for SMCC at all propiconazole rates (Table 2 ). RC% at HGC and HRCC was significantly lower than JTRF within the propiconazole treatments of 1.32 and 1.76 kg a.i. ha -1 (Table 2) . RC% within the chlorothalonil treatment was significantly higher at JTRF (91.0%) . Means in a column followed by the same letter are not significantly different according to Tukey's HSD test (P ≤ 0.05); *** and NS refer to significance at P ≤ 0.001 and not significant, respectively. than at HGC (64.0%), HRCC (49.8%), and WBGC (62.4%) but not SMCC (71.7%) in Table 2 .
In vitro propiconazole sensitivity, 2009 and 2010. For the five isolates examined for reproducibility of the in vitro fungicide sensitivity assay, the main-effect stock solution was not significantly different for any isolate tested (P > 0.05). Coefficients of variance for each isolate ranged from 8.09 to 16.27% for all isolates. The 95% confidence intervals ranged from 91 to 109% for RMG values for individual isolates. Results indicate that the assay is reproducible with a high level of consistency.
Analysis of variance of in vitro propiconazole sensitivity determined that location was significantly different (P < 0.001), but not treatment (P = 0.309) or the location-treatment interaction (P = 0.940), for the initial sample in 2009. The different S. homoeocarpa population distributions present are illustrated in Figure 1 . Mean RMG% of S. homoeocarpa isolates collected was lowest at JTRF (18.3%) and significantly higher RMG% means were observed at both HGC (43.8%) and HRCC (45.7%) at the 2009 initial sample. S. homoeocarpa isolates from HGC and HRCC displayed bimodal distributions in which two subpopulations were present. One subpopulation consisted of isolates ranging from 10 to 40% RMG and the other subpopulation was ranged from 50 to 100% RMG (Fig. 1) . SMCC (63.9%) and WBGC (64.1%) S. homoeocarpa isolates constituted the highest mean RMG% and displayed unimodal population distributions at the 2009 initial sample time.
S. homoeocarpa isolates were collected from HGC, HRCC, SMCC, and WBGC 7 DAT in 2009 but not from JTRF because dollar spot infection centers were not observed within the propiconazole-treated plots 7 DAT. Location (P < 0.001), treatment (P = 0.001), and the interaction (P < 0.001) were all significantly different within the 7-DAT sample time. The location-treatment interaction sliced by location determined that significant differences in mean RMG% among treatments occurred within HGC and HRCC (Table 3) . Within HGC, mean RMG% of S. homoeocarpa isolates among treatments were significantly different and S. homoeocarpa isolates sampled from all propiconazole treatments exhibited significantly higher mean RMG% than the untreated and chlorothalonil treatments (propiconazole treatment at 1.32 kg a.i. ha -1 was statistically similar to the chlorothalonil treatment; Table 3 ). Within HRCC, mean RMG% of S. homoeocarpa isolates collected from the propiconazole treatments at 0.44, 0.88, and 1.76 kg a.i. ha -1 were significantly higher than mean RMG% of S. homoeocarpa isolates collected from the untreated in Table 3 . Due to low dollar spot severity, an insufficient number of S. homoeocarpa isolates were collected from the chlorothalonil treatment and the propiconazole treatment at 1.32 kg a.i. ha -1 at HRCC. Location (P < 0.001), treatment (P < 0.001), and location-treatment interaction (P = 0.014), were all significantly different for the final sample time in 2009. The location-treatment interaction sliced by location determined significant differences in mean RMG% among treatments only for HRCC (Table 3) . S. homoeocarpa isolates collected from all propiconazole treatments (except for 1.76 kg a.i. ha -1 ) at 0.44, 0.88, and 1.32 kg a.i. ha -1 exhibited higher mean RMG% than S. homoeocarpa isolates from chlorothalonil and untreated treatments in the 2009 final sample (Table 3 ). In contrast, mean RMG% of S. homoeocarpa isolates collected from HGC, JTRF, SMCC, and WBGC were similar among treatments within each respective site.
In 2010, analysis of variance determined that location, treatment, and the location-treatment interaction were significantly different (P < 0.001) for all sample dates (initial, 7 DAT, and final) only at HRCC (Table 3 ). All propiconazole treatments from HRCC contained S. homoeocarpa isolates with significantly higher mean RMG% than isolates collected from the chlorothalonil and untreated treatments (except propiconazole treatments at 0.44 and 1.76 kg a.i. ha -1 initial and 0.44 kg a.i. ha -1 7 DAT; Table 3 ). This trend was observed at HRCC for all sample times in 2010 and was the only location in which significant differences among treatments were observed when the location-treatment interaction was sliced by location.
Histograms of all sample dates were constructed to illustrate changes in the bimodal population distribution of S. homoeocarpa isolates collected from HGC ( Fig. 2) and HRCC (Fig. 3) because both populations contained non-normal RMG distributions. The 0.44 kg a.i. ha -1 rate was the only propiconazole treatment in- cluded in both figures because all propiconazole rates had a similar effect on mean RMG% (Table 3 ). The HGC 7-DAT S. homoeocarpa population shifted to a unimodal distribution within the propiconazole treatment at 0.44 kg a.i. ha -1 , whereas the untreated and chlorothalonil treatments remained bimodal in distribution (Fig. 2B) . A χ 2 analysis determined that the propiconazole treatment at 0.44 kg a.i. ha -1 contained a significantly higher proportion of insensitive isolates at HGC during the 2009 7-DAT sample date. A χ 2 analysis revealed that all treatments at HGC contained a similar proportion of sensitive and insensitive isolates in all sample dates following the 2009 7-DAT sample date. A shift in population distribution in the untreated and chlorothalonil treatments occurred between the 2009 7-DAT and final sample times and persisted throughout the three subsequent sample times in 2010 as well (Fig.  2B-F) .
The HRCC population distribution was similar to HGC for the propiconazole treatment at 0.44 kg a.i. ha -1 throughout the all sample dates; however, both the untreated and chlorothalonil treatments remained bimodal (Fig. 3A-F) . A χ 2 analysis determined that the propiconazole treatment at 0.44 kg a.i. ha -1 contained a significantly higher proportion of insensitive isolates on four sample dates (2009 final sample and all 2010 sample dates) and the untreated contained a significantly higher proportion of sensitive isolates in the 2010 final sample (Fig. 3C-F) . S. homoeocarpa isolates sampled from the chlorothalonil (except the 7-DAT sample time due to low sample number) and untreated treatments at HRCC remained bimodal in population distribution (Fig. 3A-F) . The selection pattern observed at HRCC differed from the observed trend at HGC within the chlorothalonil and untreated plots, despite both locations beginning with nearly identical initial population distributions.
Association between in vitro propiconazole sensitivity and reduced field efficacy. Mean RC% was significantly correlated with mean RMG% on the final sample dates of all five locations for all propiconazole treatments but not chlorothalonil in 2009 (Fig. 4A-E) . Mean RC% decreased as RMG% increased in all y RMG% was calculated by dividing the average radial growth on propiconazole-amended potato dextrose agar (PDA; 0.1 µg ml -1 ) by the average radial growth on nonamended PDA and multiplied by 100 to give RMG% for each petri plate. Sample time indicates that S. homoeocarpa isolates were sampled prior to fungicide application at the beginning of the experiment (Initial), 7 days after treatment (7 DAT), or approximately 21 days after the final fungicide applications were made (Final). Within a sample time, means followed by the same letter are not significantly different according to Tukey's honest significant difference test (P ≤ 0.05); … represents treatments in which S. homoeocarpa isolates were not recovered from dollar spot infection centers or dollar spot infection centers were not present at the time of sampling. propiconazole treatments. Coefficients of determination from the propiconazole treatments ranged from 0.224 to 0.601, whereas mean RC% was not associated with mean RMG% for the chlorothalonil treatment in 2009. In contrast, mean RC% was significantly associated with mean RMG% on the final sample dates for all propiconazole treatments and chlorothalonil treatment, in 2010 ( Fig. 4F-J) . Coefficients of determination from the propiconazole treatments ranged from 0.427 to 0.660. The coefficient of determination for chlorothalonil was 0.369.
Discussion
The operational definition of practical fungicide resistance states: "isolates of pathogens are resistant if their frequencies have increased substantially at sites with poor fungicide performance" (25) . The results in this study confirmed that (i) reduced propiconazole efficacy existed within the four golf course populations (HGC, HRCC, SMCC, and WBGC) with prior DMI fungicide exposure, (ii) the four exposed S. homoeocarpa populations were significantly less sensitive to propiconazole in vitro than the baseline population (JTRF), and (iii) increased RMG% values on the propiconazole discriminatory concentration 0.1 µg a.i. ml -1 were significantly correlated to decreased RC values. Therefore, the results presented herein indicate that RMG% values of S. homoeocarpa isolates within the range of 50 to 100% on the propiconazole discriminatory concentration 0.1 µg a.i. ml -1 correlate to practical fungicide resistance.
Previous research on S. homoeocarpa in turfgrass has correlated reduced in vitro DMI sensitivity with reduced DMI efficacy through inoculated field and greenhouse trials; however, the association between native S. homoeocarpa populations causing practical field resistance and in vitro sensitivity has remained unclear (5,15,16,21,22,32,35) . The determination of a threshold or level of in vitro sensitivity that results in efficacy reductions that can be classified as practical field resistance has yet to be established and is critical for making accurate recommendations for DMI fungicides. Moreover, Putman et al. (35) determined that ) treatments. An asterisk prior to treatment in the legend represents a significant difference in the ratio of insensitive and sensitive isolates sampled from the treatment compared with the total observed number of both isolates collected from all three treatments at the given sample time according to χ 2 analysis. reduced in vitro propiconazole sensitivity was present in 18 of the 20 S. homoeocarpa populations examined in the New England region; therefore, the ability to determine the level of insensitivity that corresponds to practical fungicide failure is of utmost importance.
In vitro fungicide sensitivity values and greenhouse efficacy testing was used in Venturia inaequalis research to determine a threshold in which practical DMI failure occurred (25) . Köller et al. (25) used discriminatory concentrations of the DMIs fenarimol and myclobutanil to determine that 2 of 19 V. inaequalis populations were significantly different from a baseline population. Fenarimol and myclobutanil in vitro sensitivity of the two insensitive V. inaequalis populations revealed a significant increase of isolates with relative growth (RG) values > 80% compared with the baseline population (25) . Furthermore, greenhouse efficacy testing determined that a V. inaequalis isolate with an RG value of 88% was partially controlled compared with one with an RG value of 42% that was completely controlled by fenarimol and myclobutanil (25) . Köller et al. (25) determined that isolates with RG values > 80% caused practical field resistance and developed the first in vitro threshold for detection of practical DMI resistance.
Our field trials conducted at HGC, HRCC, SMCC, and WBGC revealed reductions in field efficacy for the propiconazole treatments at 0.44 and 0.88 kg a.i. ha -1 (low and high labels rates, respectively) compared with JTRF in both years of the study (Table  2) . S. homoeocarpa isolates collected from HGC, HRCC, SMCC, and WBGC were significantly more insensitive to propiconazole in vitro than those from JTRF (Fig. 1) . The presence of dollar spot infection centers 7 days after propiconazole treatment at HGC, HRCC, SMCC, and WBGC enabled quantification of the in vitro propiconazole sensitivity of S. homoeocarpa isolates causing reduced efficacy. Mean RMG values of S. homoeocarpa isolates sampled 7 DAT from all propiconazole treatments at HGC, HRCC, SMCC, and WBGC were consistently above 50% RMG for both years of the study and provide evidence that reduced field efficacy is caused by isolates exceeding 50% RMG (Table 3) . Moreover, the repeated observation of isolates with >50% RMG over four geo- graphically separated locations adds additional merit to 50% RMG serving as a potential threshold to determine practical field resistance to propiconazole in S. homoeocarpa. In contrast, S. homoeocarpa isolates were not collected from JTRF 7 DAT, because dollar spot infection centers were not observed within propiconazole treatments 7 DAT in both years of the study. Furthermore, mean RMG values did not exceed 50% during any sample time in 2009 or 2010 at JTRF, which supports the theory that isolates below 50% RMG do not cause practical DMI field resistance. Therefore, these results indicate that S. homoeocarpa isolates with RMG values > 50% are capable of causing significant field efficacy reductions or practical DMI field resistance.
The discovery of different population distributions (bimodal and unimodal) was a novel finding that has not been previously re- ported. This is the first report of bimodal population distributions existing in field conditions, despite numerous previous reports of DMI-insensitive fungal populations exhibiting unimodal population distributions formed under directional selection in various pathogen systems (12, 16, 25) . Interestingly, the development of the bimodal population distributions appears to have occurred in a differing fashion for HGC and HRCC. The bimodal population distribution likely developed at HRCC due to the absence of DMI fungicide use in the past years. However, approximately 20 years of DMI fungicide use (two to three applications per year) preceded the discontinued use of DMI fungicides at HRCC prior to this experiment. In contrast, past fungicide application records at HGC indicated moderate DMI usage (approximately two to three applications per year), with the exception of the year that preceded the 2009 field trial (seven DMI applications). Both locations were exposed to different selection pressures preceding field trials in 2009; however, both S. homoeocarpa populations were nearly identical in DMI sensitivity distribution.
On the other hand, WBGC is a 7-year-old golf course that has been under constant selection pressure since establishment (five DMI applications per year; Table 1 ). The S. homoeocarpa population distribution at WBGC was unimodal and highly homogenous throughout all sample collections. SMCC also displayed a unimodal population distribution, which was exposed to relatively low selection pressure (one to two DMI applications per year) prior to field efficacy testing (Table 1) . Lower DMI selection pressure prior to field efficacy testing may have contributed to slightly lower mean RMG values at SMCC during the 2009 7-DAT, 2010 initial, and 2010 7-DAT sample times (Table 3) . JTRF was not exposed to DMI fungicides prior to field efficacy testing and represented a baseline population in terms of in vitro sensitivity and field efficacy.
The unique population distributions at HGC and HRCC provided an interesting case study to examine RMG values for detection of practical DMI field resistance. HGC and HRCC displayed bimodal population distributions, with RMG ranges of 10 to 40% and 50 to 100% during the 2009 initial sample. Propiconazole application (0.44 kg a.i. ha -1 ) selected isolates with >50% RMG in propiconazole-treated plots at each location for the 7-DAT and final sample times (Figs. 2A-C and 3A-C). This observation was again made in 2010; however, selection pressure applied by multiple propiconazole applications in 2009 might have had an effect on 2010 initial population distributions from all propiconazole treatments (Figs. 2D-F and 3D-F) . Results indicate that propiconazoleinsensitive S. homoeocarpa isolates can be quickly selected by curative propiconazole applications if isolates with >50% RMG exist. Furthermore, results also suggest that multiple propiconazole applications will cause the population shift to persist into the following season. In contrast, population shifts within untreated and chlorothalonil-treated plots yielded mixed results at both locations. A complete population shift in propiconazole sensitivity was observed at HGC among all treatments in the 2009 final sample (Fig. 2C) . We speculate that selection of propiconazole-insensitive isolates in neighboring propiconazole-treated plots likely led to the population shift among untreated and chlorothalonil-treated plots in 2009 after the 7-DAT sample time at HGC. This trend was also observed at HRCC; however the frequency of propiconazoleinsensitive isolates sampled from untreated and chlorothaloniltreated plots was lower than HGC (Fig. 3C) . Lack of buffer strips at HGC due to plot size restrictions may have played a role in the movement of propiconazole-insensitive isolates at HGC.
Ingress of propiconazole-insensitive S. homoeocarpa isolates suggests that isolates are capable of moving short distances and agrees with the previous work regarding the spatial dispersal radius range of S. homoeocarpa (19) . Despite an overall increase in the frequency of propiconazole-insensitive isolates among all treatments in 2009 at HRCC, the frequency of propiconazole-insensitive isolates in the untreated and chlorothalonil-treated plots from the 2010 initial sample was similar to the 2009 initial sample (Fig.  3A and D) . This suggests that the 2009 final sample time population distribution may have been an artifact of the intense selection pressure surrounding non-propiconazole-treated plots at HRCC. This phenomenon was not replicated at HGC; however, the plant growth regulator (PGR) flurprimidol was applied (0.28 kg a.i. ha -1 ) on the experimental plot approximately 1 month prior to the initial sample at HGC in 2010 (personal communication with superintendent). Flurprimidol has been reported to have a fungistatic effect on S. homoeocarpa and Ok et al. (33) determined that flurprimidol 50% effective concentration (EC 50 ) values were highly correlated to EC 50 values of DMI fungicides and suggested that flurprimidol may contribute to the selection of DMI-insensitive S. homoeocarpa isolates (6) . It is possible the flurprimidol application at HGC influenced population distribution and convoluted further analysis of year-to-year variation at HGC. Further research examining the effect of PGRs on selection of DMI-insensitive isolates in field is warranted in S. homoeocarpa.
Field efficacy results revealed a strong relationship between in vitro sensitivity and RC values (Fig. 4) . The baseline population JTRF was adequately controlled by propiconazole during both years of field efficacy testing and was significantly more sensitive in vitro than the four locations with prior DMI exposure. Although HGC, HRCC, SMCC, and WBGC all displayed mean RMG values >50%, our results revealed that the level of efficacy reduction varied among locations. Some variation can be attributed to lack of favorable environmental conditions that existed in the 2010 season. For instance, hot and dry conditions reduce guttation fluids (dew formation) in turfgrass and, in turn, reduce leaf moisture. Leaf moisture created by guttation fluids has been found to play a significant role in the infection process because the sugars and amino acids contained in guttation fluid (dew) provide a nutrition source for S. homoeocarpa prior to infection (40) . Taking into account environmental variation, RC values did show that reduced propiconazole efficacy among HGC, HRCC, SMCC, and WBGC was least severe at SMCC in both years ( Table 2 ). The SMCC RMG values from propiconazole treatments were lower in all sample times except for the 2009 initial (Table 3) .
Recent findings in a wide array of fungi (Blumeriella jaapii, Botrytis cinerea, Monilinia fructicola, Penicillium digitatum, and Pyrenophora tritici-repentis) suggest that increased CYP51 gene expression (the specific gene DMI active ingredients target) or increased expression of efflux genes are responsible for decreased sensitivity to DMI fungicides (17, 18, 26, 34, 36) . Higher RC% was observed as propiconazole rate increased at HGC, HRCC, SMCC, and WBGC in both years of field efficacy testing. This dose-response relationship suggests that DMI sensitivity is a quantitative phenotypic trait that is more likely to be influenced by gene expression or the interaction of multiple genes. If complete propiconazole failure occurred, this would have suggested that DMI sensitivity is controlled by a single major gene and would be more likely to be caused by a mutation to the target site of the active ingredient. Further examination for CYP51 and efflux gene expression is needed to clearly define the mechanisms that govern DMI insensitivity in S. homoeocarpa.
The results from this study have effectively determined the range of in vitro sensitivity values of S. homoeocarpa populations that cause practical field resistance to propiconazole. Results revealed that S. homoeocarpa populations exhibiting RMG values >50% on the propiconazole discriminatory concentration 0.1 µg a.i. ml -1 were capable of causing practical field resistance to propiconazole. Future studies should focus on developing management strategies for golf superintendents to manage populations of S. homoeocarpa that are found to exhibit practical field resistance to DMI fungicides and determination of the molecular mechanisms responsible for practical field resistance to DMI fungicides.
